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Abstract
We calculate neutrino induced cross-sections relevant for oscillation exper-
iments, including the τ -lepton threshold for quasi-elastic, resonance and deep
inelastic scattering. In addition to threshold effects, we include nuclear cor-
rections for heavy targets which are moderate for quasi-elastic and large for
single pion production. Nuclear effects for deep inelastic reactions are small.
We present cross sections together with their nuclear corrections for various
channels which are useful for interpreting the experimental results and for
determining parameters of the neutrino sector.
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I. INTRODUCTION
Oscillation experiments [1–3] provide evidence for non-vanishing neutrino masses. Promi-
nent among them is the reduction of the flux in atmospheric muon neutrinos and in solar
neutrinos. To measure precisely the parameters δm2 ≃ 10−2 − 10−3 eV2 and sin2 2θ, as well
as to better understand the neutrino oscillation there are Long Baseline (LBL) experiments,
like K2K [4], JHF-Kamioka [5]1, MINOS [6], OPERA [7] and ICANOE [8], under construc-
tion and others being planned or running. The interest of LBL experiments lies mainly on
the νµ → ντ channel, since it is already known from the CHOOZ experiment [11], that the
possibility of νµ → νe oscillation is very much supressed. In the LBL experiments several
reactions contribute to neutrino nucleon reactions, namely deep inelastic scattering (DIS),
quasi-elastic (QE) and resonance (RES) reactions. The latter two are low energy reactions,
which are however still significant in the kinematic range of the new experiments with neu-
trino energies Eν ≃ 4 − 30 GeV. Therefore, these contributions should be included in the
theoretical description of charged current reactions for τ appearance
ντ +N → τ− +X, (1.1)
with N = p, n. In addition, we think it is useful to look at the various CC channels of
ντ , searching for additional signatures which will help to confirm the reactions, since the
expected number of τ -events will be small. For this reason, we calculate the total cross
sections and the number of events, Nτ , for the deep inelastic, the quasi-elastic and the
resonance channels of CC reactions. In addition, we consider NC reactions since they are
important for establishing or eliminating oscillations into sterile neutrinos which are not
completely excluded yet. In a previous articles we have already discussed the single pion
production and the associated nuclear corrections [12] of the resonances. Here we examine
the DIS and QE channels including nuclear contributions as well. These results will be used
to evaluate the number of events, Nτ , for a heavy target like 26Fe
56. For completeness, we
also present anti-neutrino nucleon interactions of NC and CC reactions for QE and DIS with
and without nuclear corrections.
The paper is organized as follows: In section II we present the formalism and the evaluation
of the charged and neutral current total cross section for deep inelastic scattering, quasi-
elastic scattering and the resonance channels. In section III we explain theoretical aspects
of the nuclear effects for the charged and neutral current total cross sections. Then we
summarize our results for all the type of reactions including nuclear corrections. In section
IV we give the number of events, Nτ , with and without nuclear corrections for CC and
NC channels for the OPERA experiment. Several conclusions and their importance for the
experiments are included in section V. The results of this article should be useful for LBL
experiments [4–8] and those being discussed for the neutrino factory [9].
1QE and resonances reactions are important at the K2K and JHF-Kamioka experiments because
of the low neutrino energy (Eν ≃ 1 GeV), see [5,10]. Since the beam energy is less than the
threshold for the production of τ -leptons (3.5 GeV) we do not consider them here.
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II. GENERAL FORMALISM
In this section we explain the main equations and the form factors used to calculate the
cross section for DIS, QE and RES in (anti-)neutrino-nucleon interactions. Although the
main contribution comes from DIS, we treat also QE and RES because their contribution is
still important in the energy region for LBL experiments. Since we have already discussed
RES in our previous work [12], we outline mostly the calculations for DIS and QE scattering.
A. Deep Inelastic Scattering
In this section we present the equations for the cross sections of deep inelastic scattering
in ν(ν¯)-nucleon interactions. The CC channels are given by the following equations:
νl(ν¯l)(k1) +N(p1)→ l−(l+)(k2) +X(p2). (2.1)
The NC channels are:
νl(ν¯l)(k1) +N(p1)→ νl(ν¯l)(k2) +X(p2) (2.2)
where N is a nucleon and l = µ, τ and X is the system of the outgoing hadrons. The
double-differential cross section dσ/dxdy is:
dσ
dxdy
=
G2F y
16π
κ2LµνWµν , (2.3)
where κ =
M2
W
Q2+M2
W
for the CC case, GF is the Fermi constant, MW is the W-boson mass and
y = ν
Eν
. In the case of NC we have κ =
M2
Z
Q2+M2
Z
with MZ the Z-boson mass.
The leptonic tensor Lµν is:
Lµν = 2Tr[(/k2 +ml)γ
µ(1− γ5)/k1γν ], (2.4)
with the lepton mass ml for CC case, denoting mτ or mµ. For the NC case we have ml = 0.
From Ref. [13] the general hadronic tensor Wµν is defined by:
Wµν = −gµνF1(x,Q2) + p1µp1ν
p1 · q F2(x,Q
2)− iǫµνρσ p
ρ
1q
σ
2p1 · qF3(x,Q
2) +
qµqν
p1 · qF4(x,Q
2) + (p1µqν + p1νqµ)F5(x,Q
2). (2.5)
Here ǫµνρσ is the total antisymmetric tensor with ǫ0123 = + 1. Fi(i = 1...5) are the structure
functions in neutrino-nucleon deep inelastic scattering. The differential cross section in the
case of ml 6= 0 is:
dσν,ν¯
dxdy
=
G2FMEν
π
[
y
(
xy +
m2l
2EνM
)
F1 +
(
1− y − Mxy
2Eν
− m
2
l
4E2ν
)
F2 ±
(
xy(1− y
2
)− y m
2
l
4MEν
)
F3 +
(
xy
m2l
2MEν
+
m4l
4M2E2ν
)
F4 − m
2
l
2MEν
F5
]
, (2.6)
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where x = Q
2
2Mν
with ν = Eν − El, Q2 = 2MEνxy, M the nucleon mass and the ±F3 signs
correspond to the ν(ν¯)-nucleon scattering.
To obtain the structure functions for the proton and the neutron for charged and neutral
channels we used the quark parton model (QPM). We treated the proton and the neu-
tron separately in order to account for non-isoscalar targets. The structure functions of
the charged current reactions for the ν(ν¯)-proton scattering above the threshold for charm
production for the proton are:
FCC2 (νp) = 2x[d + s+ u¯+ c¯] (2.7)
xFCC3 (νp) = 2x[d + s− u¯− c¯]
FCC2 (ν¯p) = 2x[u+ c + d¯+ s¯]
xFCC3 (ν¯p) = 2x[u+ c− d¯− s¯]
and for the neutron
FCC2 (νn) = 2x[u+ s+ d¯+ c¯] (2.8)
xFCC3 (νn) = 2x[u+ s− d¯− c¯]
FCC2 (ν¯n) = 2x[d+ c+ u¯+ s¯]
xFCC3 (ν¯n) = 2x[d+ c− u¯− s¯].
Below the threshold for charm production the corresponding structure functions for the
proton are:
FCC2 (νp) = 2x[d cos
2 θc + s sin
2 θc + u¯+ c¯] (2.9)
xFCC3 (νp) = 2x[d cos
2 θc + s sin
2 θc − u¯− c¯]
FCC2 (ν¯p) = 2x[u cos
2 θc + c sin
2 θc + d¯+ s¯]
xFCC3 (ν¯p) = 2x[u cos
2 θc + c sin
2 θc − d¯− s¯]
and for the neutron
FCC2 (νn) = 2x[u cos
2 θc + s sin
2 θc + d¯+ c¯] (2.10)
xFCC3 (νn) = 2x[u cos
2 θc + s sin
2 θc − d¯− c¯]
FCC2 (ν¯n) = 2x[d cos
2 θc + c sin
2 θc + u¯+ s¯]
xFCC3 (ν¯n) = 2x[d cos
2 θc + c sin
2 θc − u¯− s¯],
with Cabibbo angle cos θc = 0.9755 [14]. Notice that the contribution of the threshold effect
for charm production is small (≃ 5%) and negligible.
The neutral current reactions for the ν(ν¯)-proton scattering depends on:
FNC2 (νp, ν¯p) = 2x((g
2
L + g
2
R)[u+ c+ u¯+ c¯] + (g
′2
L + g
′2
R)[d+ s+ d¯+ s¯]) (2.11)
xFNC3 (νp, ν¯p) = 2x((g
2
L − g2R)[u+ c− u¯− c¯] + (g′2L − g′2R)[d+ s− d¯− s¯])
and for the neutron
FNC2 (νn, ν¯n) = 2x((g
2
L + g
2
R)[d+ c + d¯+ c¯] + (g
′2
L + g
′2
R)[u+ s+ u¯+ s¯]) (2.12)
xFNC3 (νn, ν¯n) = 2x((g
2
L − g2R)[d+ c− d¯− c¯] + (g′2L − g′2R)[u+ s− u¯− s¯]),
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where gL =
1
2
− 2
3
sin2 θW , gR = −23 sin2 θW and g′L = −12 + 13 sin2 θW , g′R = 13 sin2 θW with
the Weinberg angle sin2 θW = 0.23117 [14]. To calculate the cross section we integrate
dσ
dxdy
for the muon case in the range 0 ≤ x ≤ 1 and 0 ≤ y ≤ 1. For the tau case we use the limits
[15]:
m2τ
(2MEν −
√
2mτM)
≤ x ≤ 1 (2.13)
a− b ≤ x ≤ a+ b,
where a and b are defined the following way:
a =
1−m2τ ( 12MEνx + 12E2ν )
2(1 + Mx
2Eν
)
(2.14)
b =
√
(1− m2τ
2MEνx
)2 − m2τ
E2ν
2(1 + Mx
2Eν
)
.
For the quark distributions we use the CTEQ5 leading order (LO) parton distributions [16].
The Callan-Gross relation relates F2 to F1 :
2xF1 = F2. (2.15)
Furthermore, we use for F4 and F5 the Albright-Jarlskog relations [15]:
F4 = 0 (2.16)
xF5 = F2. (2.17)
B. Quasi-Elastic Neutrino Scattering
Following Ref. [17] we calculated the charged current and neutral current channels of
ν(ν¯)N reactions:
νl(ν¯l)(k1) +N(p1)→ l−(l+)(k2) +N(p2) (CC) (2.18)
νl(ν¯l)(k1) +N(p1)→ νl(ν¯l)(k2) +N(p2) (NC). (2.19)
Notice that the neutral current reaction on neutron targets is in practice not measurable,
even though its cross section is comparable to the proton reaction. The matrix element of
the quasi-elastic reactions can be defined as follows:
M =
ig2 cos θc
4
gµν
q2 −M2w
u¯(k2)γ
µ(1− γ5)u(k1)u¯(p2)Γνu(p1). (2.20)
Γν is given by:
Γν = γνF V1 (q
2) + iσνα
qαξF
V
2 (q
2)
2M
+
qνF V3 (q
2)
M
+ γνγ5FA(q
2) +
qνγ5Fp(q
2)
M
+
γ5(p1 + p2)
ν
M
FA3 (q
2), (2.21)
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where F Vi (i = 1, 2, 3), FA, F
A
3 , Fp are the weak form factors of the nucleon. The form factors
are in general complex, but general principles eliminate two of them and require the rest
to be real. First, F Vi , FA, Fp and F
A
3 are real because of time reversal invariance. Second,
F V1 , F
V
2 , FA and Fp are real but F
A
3 and F
V
3 are imaginary because of charge symmetry.
Thus FA3 = F
V
3 = 0 (no second class currents) from these two constraints. The conserved
vector current (CVC) hypothesis establishes the following relations between the weak form
factors and the electromagnetic form factors: F V1 (q
2) = F p1 (q
2) − F n1 (q2) and ξF V2 (q2) =
µpF
p
2 (q
2)− µnF n2 (q2) with ξ = µp−µn = 3.706, kp = µp− 1 = 1.793 and kn = µn = −1.913.
kp and kn are the anomalous magnetic moments of proton and neutron and F
p,n
1 and F
p,n
2
are the electromagnetic Dirac-Pauli isovector form factors of proton and neutron. F V1 (q
2)
and F V2 (q
2) can be expressed in terms of the Sachs form factors:
F V1 (q
2) =
GVE(q
2)− q2
4M2
GVM(q
2)
1− q2
4M2
(2.22)
ξF V2 (q
2) =
GVM(q
2)−GVE(q2)
1− q2
4M2
, (2.23)
where
GVE(q
2) =
1
(1− q2
M2
V
)2
(2.24)
GVM(q
2) =
1 + ξ
(1− q2
M2
V
)2
(2.25)
with a vector mass MV = 0.84 GeV. The axial vector form factor is given by:
FA(q
2) =
FA(0)
(1− q2
M2
A
)2
(2.26)
with an axial vector mass MA = 1.0 GeV and FA(q
2 = 0) = −1.23. A reasonable approxi-
mation for all q2 is given by:
Fp(q
2) = 2M2
FA(q
2)
(M2pi − q2)
(2.27)
with the pion mass Mpi = 0.14 GeV.
For NC reactions, we replace the charged current form factors with the neutral current
form factors. In the electroweak theory the charged current form factors are related to the
neutral current form factors as follows:
(F V1 )
NC(q2) =
1
2
F V1 (q
2)− 2 sin2 θWF p1 (q2) (2.28)
ξ(F V2 )
NC(q2) =
1
2
ξF V2 (q
2)− 2 sin2 θW (µp − 1)F p2 (q2) (2.29)
FNCA (q
2) =
1
2
FA(q
2) (2.30)
FNCp (q
2) =
2M2FNCA (q
2)
(M2pi − q2)
, (2.31)
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where
FN1 (q
2) =
GNE (q
2)− q2GNM (q2)
4M2
1− q2
4M2
, µNF
N
2 (q
2) =
GNM(q
2)−GNE (q2)
1− q2
4M2
, (2.32)
GNE (q
2) =
GNE (0)
(1− q2
M2
V
)2
, GNM(q
2) =
GNM(0)
(1− q2
M2
V
)2
. (2.33)
At q2 = 0 the form factors are normalized by the following conditions:
GpE(0) = 1, G
n
E(0) = 0, G
N
M(0) = µN , F
NC
A (0) = −0.615. (2.34)
After some standard but tedious algebra we arrive at the differential cross section:
dσ
d|q2| =
G2F cos
2 θc
8πE2ν
[
(F V1 )
2 q
4 − 4M2(m2l − q2)−m4l
4M2
+
(ξF V2 )
2 4M
2(q4 −m4l )− q4(m2l − q2)
16M4
+ (F VA )
2 q
4 + 4M2(m2l − q2)−m4l
4M2
−
(Fp)
2m
2
l q
2(−q2 +m2l )
4M4
+ F V1 ξF
V
2
2q4 + q2m2l +m
4
l
2M2
−
FAFP
m2l (−q2 +m2l )
2M2
+ FA(F
V
1 + ξF
V
2 )q
2 (s− u)
M2
+
(
(F V1 )
2 − (ξF
V
2 )
2q2
4M2
+ (FA)
2
)(s− u)2
4M2
]
, (2.35)
with s− u = 4EνM + q2 −m2l . For the anti-neutrino nucleon reactions in QE channels we
replace the term FA(F
V
1 + ξF
V
2 ) by −FA(F V1 + ξF V2 ).
C. RES
In a previous paper [12] we discussed in detail the neutral current differential cross section
for the production of resonances on various materials and included nuclear effects. In this
article we include in addition the ντ (ν¯τ )-nucleon interactions of CC channels, like:
ντ (ν¯τ ) + p→ τ−(τ+) + p + π+(π−) (2.36)
ντ (ν¯τ ) + n→ τ−(τ+) + n + π+(π−) (2.37)
ντ (ν¯τ ) + n(p)→ τ−(τ+) + p(n) + π0 (2.38)
where mτ = 1.78 GeV and calculate the differential cross sections with respect to the pion
energy as well as the total cross sections. We present the results for various incoming
neutrino energies and include nuclear corrections for the different nuclei, using the same
kinematics as in our previous article [12].
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III. NUCLEAR EFFECTS
As mentioned already the heavy nuclei of the targets bring additional effects. We discuss
them separately for the various reactions, considering 26Fe
56 as a typical target. We investi-
gate in this paper nuclear effects for the DIS and QE reactions. In addition, we extend the
method of [12] to the charged current channels of the resonances. Nuclear corrections for
the neutral current case are contained in Ref. [12].
A. DIS
For the nuclear corrections of deep inelastic scattering we use two different sets of parton
distributions, the χ2-analysis of Ref. [18] as well as the EKS98 parameterization [19,20].
Nuclear parton distributions are determined for the EKS98 parameterization at an initial
scale Q20 = 2.25 GeV
2 and in the x range 10−6 ≤ x ≤ 1 through a DGLAP evolution, using
the data from lepton-nucleus (lA) DIS and Drell-Yan (DY) measurements from proton-
nucleus (pA) collisions with conservation of momentum and baryon number as constraints.
Their nuclear modifications contain shadowing for x ≤ 0.1, anti-shadowing for 0.1 ≤ x ≤ 0.3,
EMC effect for 0.3 ≤ x ≤ 0.7 and Fermi motion for x → 1. The first method bases on a
χ2-analysis of the data, which was taken from deep inelastic electron and muon scattering,
provides nuclear structure functions at the initial scale Q20 = 1.0 GeV
2 and the x range
10−9 ≤ x ≤ 1. The χ2-analysis does not contain the charm distribution. Their results
are quite sensitive on the Bjorken variable x and there is a slight difference between the
χ2-analysis from Ref. [18] and the EKS98 Parameterization [19,20]. However, the difference
occurs just in the sea quark distribution and is only noticeable in the small x region.
B. QE
Important nuclear effects for the quasi-elastic scattering arise from the Pauli principle,
rescattering and absorption of recoiling hadrons and from the Fermi motion. We use only
the Pauli principle since it is the most important nuclear effect and neglect the other two, see
[21–23] for a detailed discussion. We calculated the Pauli factor of the quasi-elastic scattering
according to Refs. [17,24,25]. We multiply for neutrons the Pauli factor g = 1−N−1D with
the total cross section for QE where:
D =


Z for 2x < u− v
0.5A
(
1− 3x(u2+v2)
4
+ x
3
3
− 3(u2−v2)2
32x
)
for u− v < 2x < u+ v
0 for 2x > u+ v,
(3.1)
where x = |q|
2kF
, u = (2N
A
)
1
3 and v = (2Z
A
)
1
3 . The Fermi momentum is taken kF = 1.36
fm−1 from Ref. [26]. N,Z and A are neutron, proton, nucleon number, respectively. The
three-momentum transfer |q| is defined by q2
2M
√
1− 4M2
q2
. For protons we just replace N by
Z.
8
C. Results
We present results for νµ and ντ induced reactions. All ντ charged current reactions
show an evident τ -lepton threshold with the cross sections becoming large and noticeable
for beam energies above 5−6 GeV. The neutral current reactions do not show any threshold
but they are smaller than the νµ reactions by a factor of approximately ten.
The energy dependence is the second difference: The QE and RES total cross sections reach
constant asymptotic values at high energies, while the DIS cross section rises linearly with
energy. For this reason we plot for DIS the ratios σ/Eν or σ/(G
2
FmNEν/π). Immediately
above the threshold the DIS process dominates over the QE and RES, while below Eν < 5
GeV the sum of QE and resonance is approximately 50% of the total cross section. We
discuss next each of the reactions separately.
1. Deep Inelastic scattering
In Fig. 1 we show the total cross sections for νµ(ν¯µ) + N → µ−(µ+) +X as a function
of neutrino energy. More precisely, we plot the slopes vs energy. We see that the curves
start with a constant slope and remain so up to 350 GeV. We also include the experimental
data from various groups [27–39] and the agreement is good. Fig. 2 shows the reaction
ντ + N → τ− + X where the threshold dependence from the mass of the τ -lepton is now
evident. For comparison we included the νµ cross section. The νµ and ντ induced reactions
will merge into each other at an energy of 1 TeV, which is unrealistic for LBL experiments.
Such energetic neutrinos may be detectable in Antares [40], Nestor [41], Amanda [42], and
Baikal [43]. In Figs. 3 we show ντ induced cross sections for charged and neutral currents.
The energy scale is now expanded to show clearly the threshold effect. Our results agree well
with those in Ref. [10]. We notice that the slope of the neutral current reactions remains
constant also for low energies, while the production of τ -leptons begins between 4− 5 GeV
and their strength reaches large values above 8 GeV. The high energy values of charged and
neutral current reactions are comparable. Figs. 4 and 5 show the slope of cross sections on
iron target. We included in this case the nuclear corrections which turn out to be small (of
order 5− 7%). The main characteristic is the threshold dependence of the charged current
reactions. Thus if the experiments can measure neutral current reactions for low energies,
Eν < 5 GeV, they should observe a linear energy dependence of the events coming from νµ
and ντ neutrinos, because even after the oscillation νµ → ντ their contributions are equal.
If, on the other hand, the oscillation is νµ → νs then there should be a decrease of the cross
section in the far away detector, since the sterile neutrinos do not contribute. This decrease
should be a function of Eν and should be maximal when
δm2L
4Eν
≈ pi
2
. For comparison with
other reactions we plot in Fig. 6, the slope of the CC cross sections for the sum of the three
types of reactions. We note that at high energies DIS dominates. The QE and RES give a
noticeable contribution around 5 GeV where a kink in the slope is visible.
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2. quasi-elastic scattering
In Figs. 7 - 9 we present our results for QE scattering. Figs. 7 show cross section on free
protons induced by νµ and ν¯µ’s. The cross sections reach a constant asymptotic value at
an energy of 2 GeV. We included also the Pauli factor whose effect is small. The data are
closer to the curves which include the Pauli factor. In Figs. 8 we show the charged current
cross section induced by ντ ’s. The threshold dependence is again prominent and the cross
sections have an energy dependence even at Eντ ≈ 10 GeV. The Pauli factor effect is in
this case small, bringing a decrease about 10%. Finally, the neutral current cross sections
rise quickly to their asymptotic values (Figs. 9) which are approximately 10% of the νµ CC
cross section. Thus the threshold effects can distinguish between νµ and ντ interactions.
The neutral current events should not show a threshold effect if the oscillation is νµ → ντ
and there should be no τ -leptons if the oscillation is νµ → νs.
3. Resonance Production
Resonance production induced by νµ neutrinos was studied in our previous article [12].
Here we extend the study to the production of τ ’s and their associated threshold effects.
Resonance production provides an additional signature, because in this case there is also a
pion in the final state. For CC reactions the signal will be a lepton and a charged pion in
the final state, while the neutral currents will search for a single pion. The nuclear effects
are expected to be larger because the pions have a chance of rescattering within the nucleus
[44]. Fig. 10 (a) shows the various channels produced in the reactions
ντ +N → τ− +N + π+,0 (3.2)
and the corresponding reactions with anti-neutrinos are shown in Fig. 10 (b). The threshold
is again at Eν ≈ 5.6 GeV. The cross sections grow rapidly now, reaching their asymptotic
values at Eν ≈ 15 GeV. For a heavy target like iron the same features appear, but now there
are nuclear effects like rescattering and charge-exchange, bringing a substantial reduction:
a factor of 2 for π+ (Fig. 11 (a)) and a factor of 30 % for π0 (Fig. 11 (b)). Similarly there
is reduction by a factor ∼ 2 for π− in the reaction
ν¯τ +N → τ+ +N + π− (3.3)
shown in Fig. 12. In Figs. 13 - 18 we show the differential cross sections dσ/dEpi for the
reactions ντ (ν¯τ ) +N → τ−(τ+) +N + π±,0 on three nuclear targets, 8O16,18Ar40 and 26Fe56.
The pion spectra are significantly reduced reflecting the rescattering of the pions. In some
cases the reduction is a whole factor of 2. It is also interesting to note that the reaction of
the various channels is different than in the case of neutral currents [12].
IV. EVENT RATES
We calculated the τ -lepton event rates of the total cross section (RES+QE+DIS), con-
centrating on the OPERA LBL experiment [7]. The number of observable ντ charged current
events, Nτ , using the CERN-NGS neutrino beam is given by the following equation:
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Nτ = A
∫
φνµ(Eν)Posc(νµ → ντ )σCCντ (Eν)Br(τ → lepton(l), hadron(h))ǫ(Eν)dEν , (4.1)
where φνµ is muon neutrino flux at the Gran Sasso detector which we took from [45] and σ
CC
ντ
is the charged current total cross section for the ντ from our theoretical calculation. For the
neutral current total cross section we replace σCCντ to σ
NC
ν . The neutrino flux is appropriately
normalized so that A is the total number of active protons plus neutrons in the target. It
is referred to as the active target mass A and is given by A = NA × 109 ×Md × Np × Ny,
where NA is Avogadro’s number. We take the detector mass Md = 1 kton, the number of
years for data taking Ny = 4 and the number of protons on target per year Np = 4.5× 1019
pot/year. In the two flavor mixing scheme we took the probability of νµ → ντ given by the
following equation:
Posc(νµ → ντ ) = sin2 2θ sin2
(1.27δm2L
Eν
)
, (4.2)
with sin2 2θ = 1 and the distance L from CERN to Gran Sasso Laboratory is 730 km.
We considered the neutrino energy range as 1 GeV ≤ Eν ≤ 30 GeV and took δm2 =
10−3 − 10−2 eV2. We adopted the branching ratios Br(τ → lepton(l), hadron(h)) and the
detector efficiency ǫ of the ντ events from Ref. [46]. We did not consider background because
the number of such events is expected to be very small, as can be seen from [7].
A. results
We present the number of events, Nτ , for charged currents (Tables I and II) and for
neutral currents (Tables III and IV). In order to distinguish the various channels we give
events for DIS, separately, and also the sum of DIS+QE+RES. Table I shows the number
of charged current events for the oscillation parameters at two confidence levels with δm2 ≃
10−3 − 5 · 10−3 eV2 and sin2 2θ ≥ 0.89 taken from a recent global analysis [47]. In the
first column is the total number of events without nuclear corrections. The second column
shows events for DIS with nuclear corrections and the third one the total number of events
with nuclear corrections. Table II shows charged currents events as a function of δm2. The
various columns include events classified in the same way as in Table I.
In Tables III and IV we present the neutral currents events. Table III includes the
number of events again for two confidence levels and the various columns have the same
meaning as above. Finally, Table IV shows the number of events as a function of δm2. The
event numbers for charged current channels in Ref. [46,48] are in reasonable agreement with
our results. For the total number of events in QE+RES+DIS the reduction from nuclear
corrections is 10− 15%, mainly because nuclear corrections are significant for the resonance
channels. Nuclear effects reduce RES and QE processes, but remain negligible for DIS
processes. The contribution of QE and RES production to τ -appearance events, in charged
currents, is approximately 20− 24% and, in neutral currents, about 13− 15%.
V. CONCLUSIONS
Neutrino oscillation experiments face the problem that the number of events is very
small. This limitation is more severe for τ -appearance experiments, which motivated to
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design experiments with heavy nuclei as targets. The number of events will now increase
substantially, given by (A−Z)σn+Zσp with σp,n being the cross sections on free protons and
neutrons, respectively. This substantial increase is slightly complicated by nuclear target
effects. In this paper we calculated several cross sections and showed how the nuclear effects
can be understood and compensated for.
The role of the various reactions is distinct. For energies Eν < 2.5 GeV the µ
− - pro-
duction and neutral current reactions receive comparable contributions from three types of
reactions: quasi-elastic, resonance production and deep inelastic scattering. The analysis of
the data must include all three of them and try to identify unique signatures.
(1) In quasi-elastic scattering there is a single nucleon in the final state, which is unique but
hard to detect.
(2) In resonance production there is a nucleon and a pion, whose decay gives a unique signa-
ture. The produced pions may be further identified and confirmed by their specific energy
spectra as plotted in Figs. 13 - 18.
(3) For Eν > 2.5 GeV deep inelastic scattering dominates the νµ reactions. For compari-
son, the τ -lepton events have a characteristic threshold dependence. There are no τ -leptons
produced for Eν < 5.6 GeV. For the ντ beams quasi-elastic and resonance production are
important for energies Eν up to 6.5 GeV to 7.0 GeV. Above this energy (see Fig. 6) the deep
inelastic reaction dominates.
In the resonance region our results of the nuclear effects for neutral currents were pre-
sented in Ref. [12]. In this article we extended the calculations to τ -appearance experiments
and we can summarize them as follows.
(1) Nuclear effects are very small for deep inelastic reactions and can be neglected.
(2) For quasi-elastic scattering the main effect is the Pauli suppression factor, which reduces
the rates by 10-12 % (See Figs. 8 and 9).
(3) Nuclear corrections are substantial in single-pion production at the resonance region.
They vary from channel to channel and for this reason we produced Figs. 10 -12 showing the
production cross sections and Figs. 13 -18 showing the pion spectra. A striking feature in
all of the cross sections is the τ -lepton threshold.
We also made an extensive search of earlier publications trying to find data for possible
experimental comparisons. Inspite of our efforts we could not find data for a meaningful test
of nuclear corrections. Thus it is advisable for the nearby detectors of the LBL experiments
to collect data on heavy nuclei and test the models [44,49]. The required comparisons are
evident from the present and previous articles [12,44].
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TABLE I. The number of events Nτ at OPERA for the cross section for DIS and for the total
cross section (QE+RES+DIS) with and without nuclear corrections. The table is for charged
current channels with the 90% and 99% C.L. parameter set at the value δm2 ≃ 10−3− 5 · 10−3 eV2
and sin2 2θ ≥ 0.89 of [47].
Nτ Nτ (nucl.forDIS) Nτ (nucl.forDIS +RES +QE)
90%C.L. min 4.06 2.72 3.56
max 30.72 20.92 26.67
99%C.L. min 2.33 1.55 2.04
max 41.13 28.66 35.71
TABLE II. The number of events Nτ at OPERA for the cross section for DIS and for the total
cross section (QE+RES+DIS) with and without nuclear corrections. These are charged current
channels with sin2 2θ = 1 and various δm2.
δm2(eV 2) Nτ Nτ (nucl.forDIS) Nτ (nucl.forDIS +RES +QE)
1.5 ×10−3 2.69 1.8 2.36
3.0 ×10−3 11.34 7.62 9.87
3.5 ×10−3 15.57 10.49 13.53
4.5 ×10−3 25.80 17.51 22.39
5.0 ×10−3 31.72 21.60 27.53
TABLE III. The number of events Nτ at OPERA for the cross section for DIS and for the total
cross section (QE+RES+DIS) with and without nuclear corrections. These are neutral current
channels with the 90% and 99% C.L parameter set at the value δm2 ≃ 10−3 − 5 · 10−3 eV2 and
sin2 2θ ≥ 0.89 of [47].
Nτ Nτ (nucl.forDIS) Nτ (nucl.forDIS +RES +QE)
90%C.L. min 6.89 5.26 6.15
max 42.34 33.56 37.91
99%C.L. min 4.10 3.11 3.66
max 55.21 43.98 49.46
TABLE IV. The number of events Nτ at OPERA for the cross section for DIS and for the total
cross section (QE+RES+DIS) with and without nuclear corrections. These are neutral current
channels with sin2 2θ = 1 and various δm2.
δm2(eV 2) Nτ Nτ (nucl.forDIS) Nτ (nucl.forDIS +RES +QE)
1.5 ×10−3 4.72 3.58 4.21
3.0 ×10−3 17.45 13.54 15.59
3.5 ×10−3 23.11 18.05 20.66
4.5 ×10−3 36.26 28.63 32.45
5.0 ×10−3 43.66 34.62 39.1
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FIG. 1. The cross section of DIS for the νµ+N → µ−+Xand ν¯µ+N → µ++X plotted versus
the incoming neutrino energy for the isoscalar target with the normalization of 1/Eν . The data
points have been taken from ANL [27], BEBC-WBB [28], BNL7ft [29], CCFR90 [30], CCFR96 [31],
CCFRR [32], CDHSW [33], CHARM [34], CRS [35], GGM-PS [36], GGM-SPS [37], IHEP-ITEP
[38], SKAT [39].
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FIG. 2. The cross section of DIS for ντ +N → τ−+X and νµ+N → µ−+X for the isoscalar
target plotted versus the incoming neutrino energy with the normalization of 1/Eν .
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FIG. 3. The cross section of DIS for (a) ντ (ν¯τ )+N → τ−(τ+)+X and (b) ν(ν¯)+N → ν(ν¯)+X
plotted versus the incoming neutrino energy, normalized by G2FmNEν/pi.
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FIG. 4. The cross section of (a) ντ and ν¯τ charged current reactions for DIS on iron targets
versus the incoming neutrino energy, normalized by G2FmNEν/pi. The solid, dashed and dotted
curves represent the cross section of DIS with and without nuclear corrections of χ2 analysis [18]
and EKS98 parameterization [19,20].
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FIG. 5. The cross section of (a) ν and (b) ν¯ neutral current reactions for DIS on iron targets
versus the incoming neutrino energy, normalized by G2FmNEν/pi. The solid, dashed and dotted
curves represent the cross section of DIS with and without nuclear corrections of χ2 analysis [18]
and EKS98 parameterization [19,20].
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function of neutrino energy with the normalization of 1/Eν .
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plotted versus the incoming neutrino energy with and without Pauli factor. The data points are
from ANL [50], GGM [51] and Serpukhov [52].
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FIG. 8. The cross section of QE for the (a) ντ + n→ τ− + p and (b) ν¯τ + p→ τ+ + n process
plotted versus the incoming neutrino energy with and without Pauli factor.
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FIG. 9. The cross section of QE for the (a) ν + p → ν + p and (b) ν¯τ + p → ν¯ + p processes
plotted versus the incoming neutrino energy with and without Pauli factor.
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FIG. 10. The cross section of RES for (a) ντ+N → τ−+N+pi+,0 and (b) ν¯τ+N → τ++N+pi−,0
plotted versus the incoming neutrino energy.
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FIG. 11. The cross section of RES for (a) positively charged and (b) neutral pions produced on
iron targets. The solid, dashed and dotted lines represent respectively the cross sections without
any nuclear correction, including only the Pauli production factor g and including all nuclear
corrections.
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FIG. 12. The cross section of RES for negatively charged and neutral current pions produced on
iron targets. The solid, dashed and dotted lines represent respectively the cross sections without
any nuclear correction, including only the Pauli production factor g and including all nuclear
corrections.
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FIG. 13. Pion energy distribution for (a) positively charged pion and (b) neutral pion produced
on oxygen targets. The solid, dashed and dotted lines represent respectively the pion energy
distribution without any nuclear correction, including only the Pauli production factor g and
including all nuclear corrections.
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FIG. 14. Pion energy distribution for negatively charged pions produced on oxygen targets.
The solid, dashed and dotted lines represent respectively the pion energy distribution without
any nuclear correction, including only the Pauli production factor g and including all nuclear
corrections.
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FIG. 15. Pion energy distribution for (a) positively charged pion and (b) neutrally pion pro-
duced on argon targets. The solid, dashed and dotted lines represent respectively the pion energy
distribution without any nuclear correction, including only the Pauli production factor g and in-
cluding all nuclear corrections.
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FIG. 16. Pion energy distribution for negatively charged pions produced on argon targets.
The solid, dashed and dotted lines represent respectively the pion energy distribution without
any nuclear correction, including only the Pauli production factor g and including all nuclear
corrections.
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FIG. 17. Pion energy distribution for (a) positively charged pion and (b) neutral pion produced
on iron targets. The solid, dashed and dotted lines represent respectively the pion energy distri-
bution without any nuclear correction, including only the Pauli production factor g and including
all nuclear corrections.
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FIG. 18. Pion energy distribution for negatively charged pions produced on iron targets. The
solid, dashed and dotted lines represent respectively the pion energy distribution without any nu-
clear correction, including only the Pauli production factor g and including all nuclear corrections.
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